Abstract-The way evolution shapes the arrangement of synonymous codons within open reading frames (ORF) for fine tuning mRNA decoding efficiency is not yet understood. Since the ribosome has 3 tRNA binding sites, the context of triplets should be relevant to decoding fidelity and efficiency. We have developed a software application for large-scale analysis of codon-triplet associations to shed new light into this problem. The developed algorithms identify codon-triplets context biases, allowing for large scale comparative codon-triplet analysis and for identification of alterations to the standard genetic code.
I. INTRODUCTION
The degeneracy of the genetic code permits synthesis of identical proteins from mRNAs with very different primary structures. The latter are shaped by tRNA abundance, genome G+C pressure, codon-pair context effects, codon-anticodon interactions, or other DNA replication-, transcription-and translation-driven biases [2] . Also, the arrangement of two consecutive codons in Open Reading Frames (ORFs) has a direct effect on decoding efficiency. For example, altering the 3´context from G to U in the insertion sequence IS911 (A-AAA-AAG) of E. coli increases frameshifting from 10% to 60% [1] , while, on the other hand, the under-represented codon-pair ACC-CUG is translated faster than its overrepresented synonymous pair ACG-CUG [3] . These codon context effects suggest, therefore, that codon-pair biases are strong modulators of mRNA translation speed and accuracy. However, the ribosome has 3 rather than 2 decoding sites, i.e. A-, P-and E-sites, and codon-pairs alone cannot provide a full picture of the selective pressure imposed by the translational machinery on mRNA sequences.
The role of A-and P-sites is well established in aminoacyltRNA (aa-tRNA) selection and translocation during ribosomal translation, while, at least from a structural perspective, the way the E-site interferes on mRNA translation is not so clear. However, the presence of a tRNA at the E-site changes allosterically the affinity of the A-site to select the incoming aa-tRNAs [6] . The evidence about this allosteric interaction between the E-and A-sites, together with ribosome crystallography and cryo-EM studies [4] , suggest that the 3 tRNAs accommodated in the ribosome at each translocation site are critical for decoding efficiency. In other words, codontriplets determine the type of tRNAs that are present in the A-, P-and E-sites and it is likely that this will have an important impact on decoding efficiency and accuracy, as is the case of codon-pairs.
GeneSplit is a software framework that highlights codontriplets patterns in genomes and in complete sets of ORFs (ORFeomes). It helps finding specific patterns or bias that may help elucidate whether codon-triplets associations influences mRNA decoding error.
II. METHODS
In order to perform statistical analyses of codon-triplet biases at the ORFeome level, we have developed GeneSplit to simulate the ribosome during translation. This is achieved by moving the reading window 3 x 3 nucleotides at a time, while reading ORFs from the ATG initiation codon until a stop codon is encountered. The algorithm memorizes all codontriplets, which represent A-, P-and E-sites during mRNA decoding. Since the analysis of codon triplets generates 3-dimensional 613 data sets for each ORFeome, and the processing time associated with large sequences is typically high, all pre-processed data is stored in a relational database. These large data sets can then be analyzed using data mining tools or direct database queries.
A similar methodology is used to count amino acid triplets. For this, codons are translated into the respective amino acids using standard genetic code rules or using non-standard decoding when necessary.
Repetitions of more than 3 consecutive codons can be excluded from the analysis since they can introduce noise in the codon-triplet analysis. For this, the algorithm ignores the presence of identical codons following three consecutive identical triplets until a different codon appears in the ORF sequence. This methodology can also be used for amino acid triplet counting.
GeneSplit was built in a three-tiered approach: a) Data Repository, i.e. data warehouse where the processed ORFeomes are stored; b) GeneSplit core (GScore), that processes the ORFeomes and uploads the repository; and c) GeneSplit web (GSweb) , that provides a web interface to the framework.
A. GScore
GeneSplit core is the base component responsible for all the data warehouse construction and maintenance. First, it imports genome files (Fasta or Genbank format) and produces, according to the user parameterization, aggregated or pergenome statistics. The results are then stored in CVS format and uploaded into the Data Repository where a postprocessing step is performed in order to enhance the warehouse performance and reduce the response time to user queries. This strategy was necessary due to the high volume of data and the time consuming algorithms that are necessary.
Also, this method follows the Data Marts architecture, where several predefined subsets of the overall data warehouse are built to cope with complexity and processing requirements. As a result, and according to the user questions, an adequate selection of the data mart is performed, in order to answer those questions.
This component works primary as a back office application to support the web portal, but it can also be used in standalone mode if one wants to conduct their own personal research in a monolithic way.
B. GSweb
The web component handles the user interaction with the data warehouse. It allows both basic and advanced queries (Figure 1 ). Basic queries make use of a set of predefined questions that can be selected, while the advanced queries allow for building any kind of database queries through the help of wizards that hide the technical complexity of the SQL language and the database schema. An important feature of this component is the Project concept. All the questions that are submitted to the system, by each user, are stored and presented permanently during the working session (Figure 2 ). With this, the user keeps track of his/her interactions with the repository, both the queries and the results, simplifying the research management. The session management is provided for the registered user which only requires introduction of username, password and e-mail. After logging into the system the list of sessions already created and recorded by this user are displayed (Figure 3) and each session history can be opened or deleted.. The portal already has 22 processed orfeomes. Each orfeome is available in two versions -with and without long repetition chains.
The application was designed with the goal to provide a user-friendly interface. Each user can create its one profile and store projects, sessions, search queries, revisiting later the previous studies, repeating or modifying them, in an ubiquitous utilization allowed by the Web interface. Since the recorded information are composed by SQL statements produced only, the internal management is very efficient. Since pre-processed data is handled, most of the queries response are provided in an expedite time.
The retrieval of information from the database can be realized in two different ways: Standard and Advanced Queries (Figure 4 ). In the first option, the user may select one of several Orfeomes stored in the database, followed by the selection of characteristics of interests, whether the analysis is over the Orfeome or over the proteome, with or without repetition chains. The database has a particular ontology that allows the user to have access both to the database attributed and to a more descriptive and friendly metadata information. Using this feature one can use, in the list boxes, not the field names but its more meaningful descriptor.
After the submission of the query, the resulting data is displayed on the Results tab, to be analyzed or exported in several formats, and stored or removed from the query list. GeneSplit generates data in XLS, CSV, TAB and HTML formats.
The second option is particularly suited for more skilled users that are familiar with SQL and wish to get information in a more complex and versatile way -for instance, joining several tables together and using additional aggregation, sorting and conditions features. For example, to query the total triplets, grouped and sorted by organism (Figure 5) , it is only necessary to select the fields and the function one wants to use. As an example, if one wants to compare two counts, with and without repetition chains, for a given species (Candida albicans) it is only necessary to select the two datasets -'Complete frequency amino acid triplet count' and 'Frequency amino acid triplet count without long strings', the fields of interest and adding the extract conditions ( Figure 6 ).
This specification will produce a standard SQL query, and can thus be easily understood and edited by those who have basic knowledge in this language. This is not a necessary condition to operate with the software. The interaction can be achieved through the wizard.
III. RESULTS
GeneSplit provides a set of functionalities for comparative genomics, such as: codon-triplets and tandem codon repetition analyses; filtering and specific counting (gene, chromosome); sessions management; pre-processing of large datasets for faster results; user friendly interface for database information extraction (predefined queries and advanced queries).
The system has already been used in a case study that highlighted major differences at the level of codon-triplets and tandem codon repetitions between twelve fungal species [5] .
IV. CONCLUSIONS
The set of tools that were presented in this paper enable researchers to study the characteristics of codon and amino acids triplets in any genome, and permit revealing hidden patterns in the genome primary structure. A special care was put in the usability and on the presentation of a simple web user interface to query the database. Each user session can be stored for later utilization, for reviewing queries and results, for increasing new requests and studies.
The GeneSplit software package is publicly available at http://bioinformatics.ua.pt/genesplit.
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